The aim of this study was to characterize digestive proteases from wild and farmed morphotypes in males of Macrobrachium amazonicum (Heller, 1862) . The hepatopancreas of wild and earthen pond reared specimens were collected and homogenized. Unspecific activities of trypsin, chymotrypsin and leucine aminopeptidase were determined using specific substrates. Serine-protease, trypsin, and chymotrypsin specific inhibitors were employed to assess enzyme inhibition. Optimum pH, temperature and thermal stability of the enzymes were also evaluated. Complementary study was carried out using electrophoresis and zymograms. Proteolytic activities were higher in farmed than in the wild prawns and differences were observed among the farmed male morphotypes, while no differences were observed in the wild ones. Both farmed and wild specimens showed similar values of amylase:protease ratio ranging from 0.06 to 0.12. Inhibition assays revealed the presence of serine proteases, trypsin, and chymotrypsin in the hepatopancreas. However, stronger trypsin inhibitions occurred in farmed morphotypes. The optimum temperature and pH were 65°C and 8.0 to 8.5, respectively. Electrophoresis revealed bands between 6 kDa and 205 kDa. Zymograms revealed bands with proteolytic activity. Using the wild animals as a reference, the results suggest that digestive proteases profile changes in farmed prawns, which may be an adaptation to the culture conditions.
INTRODUCTION
The Amazon river prawn, Macrobrachium amazonicum (Heller, 1862) is widely distributed in lakes, reservoirs, floodplains and rivers from Venezuela to Argentina (Davant, 1963; Pettovelo, 1996; Bialetzki et al., 1997) . This prawn shows a high potential for aquaculture (Kutty, 2005; New, 2005) ; it has ecological and economic importance, being extensively exploited by artisanal fisheries in northeastern Brazil (New et al., 2000; Marques and Moraes-Valenti, 2012) and in the states of Pará and Amapá (OdinetzCollart, 1987; Odinetz-Collart and Moreira, 1993; Maciel and Valenti, 2009; Marques and Moraes-Valenti, 2012) . In the last decade, intense research efforts have been directed toward developing the technology for commercial culture of this species (Moraes-Valenti and Valenti, 2010) .
Moraes- Riodades and Valenti (2004) identified four distinct male groups among animals born from the same egg clutch raised in aquaculture ponds. Differences are observed in morphology, behavior, color, and cheliped spines, as well as the proportion of each joint. The four morphotypes are termed translucent claw (TC), cinnamon claw (CC), green claw 1 (GC1) and green claw 2 (GC2). There are also dif- * Corresponding author; e-mail: karina@ufrnet.br ferences in body size, with adults of GC1 and GC2 reaching the largest sizes, and TC the smallest, while CC animals exhibit intermediate body size in relation to GC1, GC2 and TC. Distinct morphotypes of M. amazonicum have recently been recorded in the natural environment, both in the eastern Amazon region and in northeastern Brazil (Santos et al., 2006; Silva et al., 2009) .
Studies on the feeding habit and nutrition of the Amazon River prawn are scarce and should be carried out to improve understanding of the function of this species in natural food webs and to provide scientifically based information on feed strategies in aquaculture. In addition, it may be important to know the physiological mechanisms of morphotypes development. Several reports have shown the importance of some digestive enzymes in the digestive process of crustacean such as proteases, carbohydrases and lipases (Brito et al., 2001; Sainz et al., 2004; Gaxiola et al., 2005; Buarque et al., 2009 Buarque et al., , 2010 . Knowledge concerning the digestive system of this species can provide information applicable to food utilization. Thus, the identification and characterization of digestive enzymes during shrimp growth is an important step towards understanding the digestive mechanisms and formulating feeds that promote better growth responses, as feed can be designed according to the digestive capacity (López-López et al., 2005) . Studies about the digestive properties of M. amazonicum under culture and wild conditions are important for the understanding of digestive biology and physiology. Wild animals may be used as a reference to monitor the positive or negative effect of the species domestication and culture conditions. These efforts may pave the way for better dietary management in farming and more sustainable production. Sexually mature male of M. amazonicum consist of distinct morphotypes that differ in size and morphology (Moraes- Riodades and Valenti, 2004; Papa et al., 2004) . The existence of these morphotypes has great implications in aquaculture like management of grow-out ponds should take into consideration the heterogeneous growth of males in order to maximize production. Studies with physiology of male can help to management of nutrition this species. Therefore, the aim of this study was to characterize digestive proteases from M. amazonicum wild and farmed male morphotypes.
MATERIALS AND METHODS

Animals
Farmed animals were produced in the prawn hatchery of the Crustacean Section at the Sao Paulo State University (CAUNESP), Jaboticabal, São Paulo, Brazil. The broodstock originated from wild prawns collected in northeastern Pará state, Brazil (1°13 25 S, 48°17 40 W) in 2001. Postlarvae were cultured in three earthen ponds for 120 days. A total of 100 animals were sampled in each pond, killed in an ice bath and classified according to Moraes-Riodades and Valenti (2004) as different morphotypes: translucent claw (TC), cinnamon claw (CC), green claw 1 (GC1) and green claw 2 (GC2). The hepatopancreas of each specimen was collected by decapitation, weighed and transported in dry ice to the Laboratory of Enzymology from the Federal University of Pernambuco (Recife, Brazil), where they were pooled (5 hepatopancreas) and stored at −20°C until use.
During the culture period, the animals were feed twice a day, at 7:30 a.m. and 5:30 p.m., on a shrimp commercial diet containing 32% of crude protein on a 10% total shrimp biomass basis. Water quality was maintained close to natural conditions and monitored weekly by measuring pH with a Micronal B374 pH-meter (Micronal, São Paulo, SP, Brazil), dissolved oxygen with a YSI Model 55 polarographic oxygen meter (Yellow Springs Instruments, Yellow Springs, OH, USA), and ammonia-N according to the methods described by Solorzano (1969) , using a Hatch Model DR-2000 spectrophotometer (Hatch, Ames, IA, USA). During culture temperature was 28.5 ± 0.5°C, pH 8.2 ± 0.1, dissolved oxygen in the morning was 3.5 ± 0.5 mg l −1 and total ammonia nitrogen 2.5 ± 1.5 mg l −1 .
Wild specimens were captured by fishermen using artisanal traps in the barrage of Carpina (7°54 46 S, 35°15 19 W), Pernambuco, Brazil. A hundred animals were collected at different sites of the reservoir and were processed as the farmed ones. The collection was in the morning (8 a.m.) and we observed temperature to water 26°C and we measured dissolved oxygen (6.2 mg l −1 ) with a YSI Model 55 polarographic oxygen meter (Yellow Springs Instruments).
Enzyme Assays
The hepatosomatic index was calculated as a percent ration of hepatopancreas weight and total body weight.
The hepatopancreas from 20 specimens of each morphotype were pooled to form four groups with five hepatopancreas each. This pool was then homogenized (40 mg ml −1 ) in chilled 0.15 M NaCl using a tissue homogenizer (IKA ® Works, Guangzhou, P.R. China). Homogenates were centrifuged (Unicen MR Centrifuge, Herolab, Wiesloch, Germany) at 10.000 × g for 25 min at 4°C to remove cell debris and the supernatants (crude enzyme extract) were stored at −20°C for further utilization. All reagents used in enzymatic assays were from an analytical grade purchased from Sigma (St. Louis, MO, USA), Merck (Darmstadt, Germany) and BioRad (Hercules, CA, USA).
The total soluble protein was determined as described by Bradford (1976) , using bovine serum albumin as standard protein. Non-specific proteolytic activity assays was realized in a microcentrifuge tube (triplicates), 1% (w/v) azocasein (50 μl; Sigma), prepared in 0.2 M Tris-HCl (pH 7.2) was incubated with crude extract (30 μl) for 60 min at 25°C. Then, 240 μl of 10% (w/v) trichloroacetic acid (TCA) was added to stop the reaction. After 15 min, centrifugation was carried out at 8000 × g for 5 min. The supernatant (70 μl) was added to 1 M NaOH (130 μl) in a 96-well microtiter plate and the absorbance of this mixture was measured in a microtiter plate reader (xMark Microplate Absorbance Spectrophotometer; Bio-Rad) at 450 nm against a blank similarly prepared, except that 0.9% (w/v) NaCl replaced the crude extract sample. Previous experiment showed that for the first 60 min the reaction carried out under the conditions described above follows a first order kinetics. One unit (U) of enzymatic activity was defined as the amount of enzyme capable of hydrolyzing azocasein to produce a 0.001 change in absorbance per minute.
Total amylase activity was determined using the Bernfeld (1955) Method, with 2% (w/v) starch solution as substrate. The reaction consisted of 60 μl of crude extract, 375 μl of starch solution and 375 μl of 10 mM phosphate buffer (pH 7.5). After 10 min of incubation at 37°C, 100 μl of this mixture was added to 1 ml of a 3.5-dinitrosalicylic acid (DNSA) solution and maintained in a boiling water bath for 10 min in order to stop the reaction. Absorbance was recorded at 570 nm. Blanks for substrate and enzyme were similarly prepared, except that 10 mM phosphate buffer replaced the substrate or enzyme extract. All assays were carried out in quadruplicate. One unit of amylase activity was expressed as mg of maltose released at 37°C per min per mg of protein. The amylase:protease ratio was defined as the relation between the total amylase (starch as substrate) and protease (azocasein as substrate) activities.
Specific Proteolytic Activity Assays
Trypsin, chymotrypsin, and leucine aminopeptidase activities were determined in a 96-well microtiter plate using benzoyl-DL-arginine-p-nitroanilide (BApNA), N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (SApNA), and leucine-p-nitroanilide (Leu-p-Nan) as specific substrates, respectively (Bezerra et al., 2005) . Triplicate samples of enzyme extracts (30 μl) were incubated with either 8 mM BApNA, SApNA or Leu-p-Nan (30 μl), dissolved in dimethylsulphoxide (DMSO), and 0.1 M Tris-HCl (140 μl) (pH 8.0). The reactions occurred at 25°C for 15 min and were recorded at 405 nm using a microplate reader (xMark Microplate Absorbance Spectrophotometer; Bio-Rad). The activity was expressed as protease mU per mg protein. One unit (U) of activity was defined as the amount of enzyme required to produce one μmol of p-nitroaniline per minute.
Enzyme Inhibition
To determine the effect of specific inhibitors on enzyme activity, equal volumes (25 μl) of crude extract and inhibitors were incubated for 30 min at 25°C before the determination of residual activity. Phenylmethylsulfonyl fluoride (PMSF) was used as inhibitor of serine proteases, tosyllysine chloromethyl ketone (TLCK) and benzamidine for trypsin, and tosyl-phenylalanine chloromethyl ketone (TPCK) for chymotrypsin. All inhibitors were prepared in DMSO in a final concentration of 1.0 mM (Bezerra et al., 2005) . After the incubation of crude extract and inhibitor, the volumes were then adjusted to 170 μl with 0.1 M Tris-HCl buffer (pH 8.0), and the respective substrate (30 μl). For trypsin assays BApNA was used as substrate and PMSF, TLCK and benzamidine were used as inhibitors. For chymotrypsin assays, SApNA was used as substrate, and TPCK was used as inhibitors. The 100% values were established using DMSO without inhibitor. The change in absorbance at 405 nm was recorded for 15 min using a microplate reader (xMark Microplate Absorbance Spectrophotometer, Bio-Rad).
Physical Chemical Properties
To evaluate the effects of pH on proteolytic activity, crude extracts were assayed with the following buffers: citrate-phosphate (pH 5.0-7.0), Tris-HCl (pH 7.5-8.5) and NaOH-glycine (pH 9.0-11.0). For optimum temperature, the mixture was incubated at varying temperatures (25-85°C). Enzyme activity was determined as described above, using specific substrates.
Thermal stability was evaluated by recording enzyme activity at 25°C after their pre-incubation for 30 min at temperatures ranging from 25 to 85°C.
SDS-PAGE and Zymograms
Proteases from M. amazonicum were studied by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 4% (w/v) stacking gel and a 12.5% (w/v) separating gel (Laemmli, 1970) . The gel was stained with 0.1% (w/v) Coomasie brilliant blue for 120 min and destained in 10% (v/v) acetic acid and 25% (v/v) methanol. Molecular weight markers were used. Zymograms were also carried out and according to Garcia-Carreño et al. (1993) . After electrophoresis, gels were immersed in 2.5% Triton X-100 in 0.1 M Tris-HCl (pH 8.0) to remove SDS and incubated with 3% casein (w/v) in 0.1 M Tris-HCl (pH 8.0) for 30 min at 4°C. The temperature was raised to 25°C and kept for 90 min to allow the digestion of casein by the active fractions. Finally, gels were stained and destained as described above.
Statistical Analysis
The results were tested for normal distribution and homogeneity of variance using Shapiro-Wilk and Levene's tests, respectively. Statistical difference within treatment groups (TC, CC, GC1, GC2) were established by ANOVA test followed by Tukey-Kramer post-hoc test at p < 0.05. Differences between populations in the two treatments (wild and farmed) were established by Student's t-test at p < 0.05.
RESULTS
Total body weight and hepatopancreas weight was higher in farmed animals than in the wild ones (Table 1) . The highest values of HSI were observed for farmed GC1 and GC2. Only a slight difference was found in HSI for all wild morphotypes, whereas for the farmed ones the morphotypes GC1 and GC2 showed significantly higher HSI when compared to TC and CC.
The nonspecific proteolytic activity in crude extract in farmed and wild animals was higher in morphotype TC (p < 0.05). The use of specific substrates revealed the presence of trypsin, chymotrypsin and leucine aminopeptidase in the hepatopancreas extract. These enzymes activities were significantly higher (p < 0.05) in TC than in the other morphotypes in both wild and farmed animals. Moreover, proteolytic activities observed in farmed animals were always 2-5 times higher than in wild ones (Fig. 1) . No statistical differences in amylase:protease ratio were found for farmed and wild male morphotypes (Table 2) , except it was lower in GC1 in farmed prawns (0.06 ± 0.02).
Trypsin activities were partially inhibited by PMSF in all morphotypes (Fig. 2) . Benzamidine and TLCK presented the strongest inhibitory effect on trypsin activity of farmed morphotypes (60-80% inhibition). Lower inhibitory effects were observed in wild morphotypes (40-60% inhibition). Also, no significant effect was revealed by TPCK on chymotrypsin activity in any morphotype.
For all farmed male morphotypes, trypsin activity was higher at pH 8.0 (Fig. 3A) . In turn, wild prawns showed the highest trypsin activity between pH 8 and 8.5. Moreover, at least 50% of residual activity was found in the pH ranges of 7.0-9.5 and 5.5-10.5, for farmed and wild shrimp, respectively (Fig. 3B) .
A peak of trypsin activity at 65°C was observed in the assay with BApNA for all morphotypes of both wild and farmed animals (Fig. 4) . For wild specimens, morphotypes TC, CC and GC1 retained about 85% of trypsin residual activity at 75°C. However, for all morphotypes the activities strongly decreased after 80°C. For all morphotypes, at least 50% of residual activity was observed when the extracts were incubated for 30 min at 50°C (Fig. 5) . For farmed morphotypes subjected to SDS-PAGE, electrophoresis revealed 14 bands in CC and 15 bands in the other morphotypes, ranging from 21 to 205 kDa (Fig. 6A) . In turn, for the wild morphotypes 15 bands were found in all specimens. The bands found had molecular weight between 6 kDa and 116 kDa (Fig. 6B) .
Zymograms of hepatopancreas extracts of farmed and wild M. amazonicum showed distinct profiles, with the occurrence of 7 caseinolytic bands, four of which presenting higher molecular mass only in the farmed morphotypes (bands 1-4); two of intermediate molecular mass (bands 5 and 6), one of which occurred only in farmed animals, while the second was found in both farmed and wild ones (band 6). The seventh band (lower molecular mass) was found only in wild animals (Fig. 7) . DISCUSSION During the culture period the animals grew well and all male morphotypes were found during the study. As well, all male morphotypes, berried females and females with ovaries at different maturation stages were found in the barrage of Carpina. Therefore, we have inferred that conditions were appropriate for development of M. amazonicum in both culture and wild conditions.
Prawns reared under culture conditions had higher average body weight than specimens captured from the natural environment. This may be due to differences in the age, inter-population genetic variability or because of the energy allocation for maintenance and reproduction. The animals invest more effort in maintenance and reproduction in response to fluctuations of food availability in natural environment (Kirkwood et al., 2000) , which may result in lower accumulation of nutrients in hepatopancreas and a low size of wild animal when compared to farmed animals. These findings reinforce the use of the hepatosomatic index (HSI) as an useful tool to evaluate environmental influence on energy metabolism. The farmed morphotypes GC1 and GC2 showed higher values of HSI, which can be associated with the behavior of these animals. Moraes- Riodades and Valenti (2004) suggest that the morphotypes GC1 and GC2 of M. amazonicum are dominant groups, making them more sedentary because they have a very large cheliped that reduce the ability to swim and even to move on the substrate. In contrast, the morphotypes TC and CC have small cheliped so they can be more active and present greater mobility. On the other hand, animals under culture conditions, which have feed easily available, can accumulate more energy in hepatopancreas than the wild ones.
Differences in proteolytic activities were found for all farmed and wild male morphotypes of M. amazonicum. Trypsin, chymotrypsin and leucine aminopeptidase activities were significantly higher in farmed than wild animals. These results suggest that farmed animals responded positively to the dietary management used. Also, a high protein diet, as used in culture can lead to the physiological responses observed. As the action of proteases represents an important pathway for the absorption of amino acids, it may be directly related to the higher growth observed in the farmed animals. Proteolytic activities observed in farmed animals were always 2-5 times higher than in the wild specimens, whose body weight corresponded to 25-35% of the weight of farmed animals. Farmed TC males generally showed higher proteolytic activities than other morphotypes. This high value of activity may be due to an increased need for nutrients during growth and transformation into another morphotype of larger sizes. However, this phenomenon was not observed in the wild group, since no statistically significant differences in proteolytic activities were found among morphotypes. This fact suggests that the effect of the conditions of the cultures were strongest on the enzymatic activities than the development of population structure of the morphotypes, but the fact that those conditions have also influenced for the development of the population structure of the morphotypes showed not be ignored. Studies on the characterization of digestive enzymes in shrimp are important to understand their digestive physiology in comparative investigations, and also bring about basic information for further use of enzyme extracts as tools in the search for the proper nutrient sources in aquaculture (Buarque et al., 2010) . The amylase:protease ratio of M. amazonicum showed values similar to those presented by Castro et al. (2012) for the marine shrimps Litopenaeus schmitti (Burkenroad, 1936) and Farfantepenaeus subtilis (Pérez-Farfante, 1967) . Despite most of shrimp species generally having an opportunistic omnivorous habit, it is known that L. schmitti and Farfantepenaeus subitilis have preference for animal protein (Nunes and Parson, 2000) . Studies on the digestive enzymes of aquatic organisms have reported a relation between the feeding habit and the amylase:protease ratio; herbivorous and omnivorous animals exhibit greater values, while carnivorous animals lesser (Hidalgo et al., 1999; Jonhston and Freeman, 2005) . The lower amylase:protease ratio values (from 0.06 to 0.12) found for M. amazonicum in all male morphotypes suggest a preference for animal protein.
The extracts of farmed animals showed the highest inhibition using benzamidine and TLCK, suggesting a higher relevance of trypsin in these animals than in wild ones. Inhibition of trypsin activity with PMSF, a known serine protease inhibitor, resulted in 30.66% inhibition for farmed TC and 45.81% for wild TC, the greatest inhibition observed for these enzymes in the present study. TPCK also inhibited chymotrypsin activity in all morphotypes. Most of the digestive proteases of decapod crustaceans belong to the serine class (Garcia-Carreño et al., 1994) that includes trypsin and chymotrypsin, being inhibited by PMSF (Kim et al., 1992) . These seem to be the main enzymes responsible for protein digestion in shrimp (Galgani et al., 1985; Tsai et al., 1986) . Penaeus monodon Fabricius, 1798, Marsupenaeus japonicas (Bate, 1888) , Fenneropenaeus penicillatus (Alcock, 1905) , Litopenaes vannamei (Boone, 1931) , Metapenaeus monoceros (Fabricius, 1798) and Macrobrachium rosenbergii De Maan, 1879 are decapods that have serine proteases, and the hepatopancreas is the organ responsible for the synthesis of these digestive enzymes (Tsai et al., 1986) .
The optimum pH for trypsin activity from M. amazonicum was similar in farmed (8.0) and wild animals (8.5) (Fig. 3) . The species Farfantepenaeus californiensis (Holmes, 1900) , Penaeopsis serrata (Bate, 1881) and Pleuroncodes planipes Stimpson, 1860 also showed a maximum trypsin activity at around pH 8 (Vega-Vilassante et al., 1995) . However, the Amazon river prawn differed from Homarus americanus Milne Edwards, which had an acidic profile (Biesiot and McDowell-Capuzzo, 1990 ). Optimal pH varies in crustaceans, in some cases being higher than in vertebrates. Generally, proteases of crustaceans have maximum activity in the range between pH 5.5 and 9.0 (García-Carreño, 1992; García-Carreño et al., 1994; Ceccaldi, 1997) .
The optimum temperature for trypsin activity was 65°C for all morphotypes, followed by an irreversible inactivation of the enzyme at higher temperatures. This corresponds to the optimum temperature for protease activity in P. japonicus (Galgani and Nagayama, 1987) and M. monodon (Jiang et al., 1991) , but it differs from Farfantepenaeus subtilis (Buarque et al., 2010) , which had maximum activity at 55°C, and from P. serrata (40°C: Van Wormhoudt et al., 1980) and Farfantepenaeus californiensis (50°C: VegaVilassante et al., 1995) . The trypsin of farmed morphotypes TC and CC showed good thermal stability up to 55°C. In the shrimp Farfantepenaeus paulensis (Pérez-Farfante, 1967) , when the trypsin was incubated at the same temperature, low residual activity (<20% of maximal activity) was found (Buarque et al., 2009 ). The wild morphotypes GC1 and GC2, unlike the farmed ones, retained 80% of residual activity when incubated at 55°C. Decapod crustacean and mammalian trypsins have broadly similar molecular mass, substrate specificities and general responses to inhibitors, but differences include greater temperature and pH tolerance and resistance to autolysis by the crustacean enzymes (Vonk and Western, 1984) .
For wild M. amazonicum, proteases activities were shown to be more adapted to pH and temperature changes than those of farmed ones. About 50% of residual activity was observed at pH range 5.5-10.5, whereas the morphotypes TC, CC and GC1 retained about 85% of trypsin activity at 75°C and at least 50% of the initial activities were observed when the extracts were incubated for 30 min at 50°C. This phenomenon may be due to a physiological adaptation to a diversity of feed sources found in the wild environment. On the contrary, under culture conditions, the animals are generally subjected to a more controlled feed based on artificial diet.
The electrophoretic profiles of wild and farmed morphotypes were quite similar. The most evident difference was the presence of a stronger protein band of about 116 kDa in the farmed GC1 and GC2 animals (black arrows in Fig. 7 ). In fact, higher HIS values were also found for the same animals. These results may be due to the higher content of high molecular mass protein. This class of macromolecules is commonly associated as reserve protein. Proteases of the extracts were observed by gel-substrate electrophoresis. Farmed animals had more bands of proteolytic activity, confirming the high values in the experiments of specific and unspecific enzymatic activity. The relationship between the occurrence of such bands and increased digestive capacity appears to be a relevant topic for further studies.
These results suggest the occurrence of trypsin, leucine aminopeptidase and chymotrypsin in the hepatopancreas in M. amazonicum. This is an interesting finding, mainly because the presence of endo-and exo-proteases in the same compartment (hepatopancreas) may improve protein digestion. Following hydrolysis of proteins by endo-proteases into long-chain peptides, exo-proteases such as aminopeptidases further degrade them into smaller peptides and free amino acids, thus enhancing the absorption of these nutrients (Buarque et al., 2009 (Buarque et al., , 2010 . Using the wild animals as a reference, these results suggest that there are differences in the protein digestion between the wild and farmed animals (M. amazonicum), and the latter have digestive proteases that are comparatively well adapted to the experimental culture conditions. This adaptation may be a physiological response to the artificial selection on generations under culture conditions, resulting in good matrices and therefore genetically improved offspring. Moreover, the characterization of digestive enzymes can provide information for further studies on digestive abilities of this species.
